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miRNA pathwayP granules, ribonucleoprotein (RNP) complexes speciﬁc to the cytoplasmic side of the nuclear pores of
Caenorhabditis elegans germ cells, are implicated in post-transcriptional control of maternally-transcribed
mRNAs. Here we show a relationship in C. elegans of Dicer, the riboendonuclease processing enzyme of the RNA
interference and microRNA pathways, with GLH-1, a germline-speciﬁc RNA helicase and a constitutive
component of P granules. Based on results fromGST-pull-downs and immunoprecipitations, GLH-1 binds DCR-1
and this bindingdoesnot require RNA. BothGLH-1protein and glh-1mRNA levels are reduced in thedcr-1(ok247)
nullmutant background; conversely, a reduction ofDCR-1 protein is observed in the glh-1(gk100)deletion strain.
Thus, in the C. elegans germline, DCR-1 and GLH-1 are interdependent. In addition, evidence indicates that DCR-1
protein levels, like those of GLH-1, are likely regulated by the Jun N-terminal kinase (JNK), KGB-1. In adult germ
cells, DCR-1 is found in uniformly-distributed, small puncta both throughout the cytoplasm and the nucleus, on
the inner sideof nuclear pores, and associatedwithP granules. In arrestedoocytes,GLH-1 andDCR-1 re-localize to
cytoplasmic and cortically-distributed RNP granules and are necessary to recruit other components to these
complexes.Wepredict that the GLH-1/DCR-1 complexmay function in the transport, deposition, or regulation of
maternally-transcribed mRNAs and their associated miRNAs.t).
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Germ granules, ribonucleoproteins (RNPs) that are called P
granules in Caenorhabditis elegans, are speciﬁc to the germ cells of
most organisms. P granules were ﬁrst described over twenty-ﬁve
years ago, but their exact function remains unknown. P granules are
cytoplasmic, non-membrane-bound, protein and RNA aggregates that
exclusively associate with the nematode germline throughout the life
of the worm (Strome and Wood, 1982, 1983). The location of P
granules changes from a uniform cytoplasmic distribution in the
newly-fertilized zygote to being perinuclear in P4, the primordial
germ cell of the 16-cell embryo. P granules remain perinuclear during
subsequent larval stages and throughout adult germline development
until oocytes mature and P granules dissociate from the nuclear
envelope (Strome and Wood, 1983). Almost all reported P-granule
proteins, whether constitutive components or those in P granules
speciﬁcally during early embryonic patterning, are known or
predicted to have RNA binding functions; these include GLH-1–4,PGL-1–3, IFE-1, GLD-1, PIE-1, MEX-1, MEX-3, POS-1, OMA-1, the Sm
proteins and CGH-1 (Roussell and Bennett, 1993; Gruidl et al., 1996;
Kuznicki et al., 2000; Kawasaki et al., 1998; Kawasaki et al., 2004;
Amiri et al, 2001, Jones et al., 1996; Mello et al., 1996; Guedes and
Priess, 1997; Draper et al., 1996; Barbee et al., 2002; Shimada et al.,
2006; Tabara et al., 1999; Navarro et al., 2001).
The Germline RNAHelicases (GLHs) are four constitutive components
of C. elegans P granules. The GLH proteins contain glycine-rich, FGG
repeats in their N termini (except GLH-3), multiple retroviral-like CCHC
zinc ﬁngers, and the eight conserved motifs characteristic of DEAD-box
RNA helicases (Fig. 1A). Studies of the GLHs reveal that of the four family
members, loss of GLH-1 is most critical (Kuznicki, et al., 2000; Spike et al.,
2008) as GLH-1 is essential for proliferation of the germline. glh-1
knockdown by RNA interference (RNAi) affects P-granule structure
(Kuznicki et al., 2000; Schisa et al., 2001); worms injected with double-
strandedRNAspeciﬁc for glh-1 and raised at the restrictive temperature of
26 °Cproduceprogenywithunderproliferatedgermlines that lackoocytes
and contain non-functional sperm (Kuznicki et al., 2000). glh-1 deletion
mutants are also temperature-sensitive, sterileworms (Spike et al., 2008).
Several mRNAs have been identiﬁed as P-granule components including
pos-1, mex-1, mex-3, pie-1 and nos-2, each of which is important for
patterning the C. elegans embryo suggesting that P granules regulate
maternally-transcribed mRNAs (Tabara et al., 1999; Schisa et al., 2001;
Subramaniam and Seydoux, 1999). GLH-1 is a homologue of Drosophila
Fig. 1. GLH-1 interactswithDCR-1andPGL-1.A.A cartoon summarizing the interactions seen inFigs. 1B–C. B. Pull-downsoutofwild typewormlysateswith full lengthGLH-1(lane1),GSTalone
(lane 2),N-GLH-1 (lane 3),N*-GLH-1 (lane 4), C-GLH-1 (lane 5), full-lengthGLH-1, after addingRNaseA (12 μg/μL for 20 min at roomtemperature) to the lysateprior topull-down (lane6), full-
lengthGLH-1withoutRNaseA(lane7), and10% input lysate (lane8). Thesepull-downswere testedwithα-DCR-1antibodies. C. Pull-downsoutofwild typewormlysateswith full lengthGLH-1
(lane1),N-GLH-1 (lane 2), GST alone (lane 3), C-GLH-1 (lane 4), full-lengthGLH-1 after addingRNaseA, as in Fig. 1B, to the lysateprior to pull-down(lane5), full-lengthGLH-1withoutRNaseA,
but treated as in lane 5, (lane 6), and 10% input lysate (lane 7). All GLH-1 proteinswere GST-tagged except C-GLH-1, whichwas HIS-tagged. All lanes were tested bywestern blot withα-PGL-1
antibodies. ThePGL-1protein in lane 1 is no smaller than inother lanes; thegel edges ran slightly further.Westernblotswithα-GST andα-HIS antibodies showproteinswerepresent in all lanes,
Fig. S1.
371E.L. Beshore et al. / Developmental Biology 350 (2011) 370–381VASA that is known to be a translational activator (Hay et al., 1988; Lasko
and Ashburner, 1988; Liu et al., 2009; Styhler et al., 1998; Tomancak et al.,
1998).
Dicer, the RNaseIII riboendonuclease that processes non-coding
RNAs in the RNAi and micro(mi)RNA pathways, is also important for
germline maintenance and oocyte development. In mice, fruit ﬂies, and
nematodes, when Dicer is missing, the animals do not produce
functional oocytes or offspring (Murchison et al., 2007; Megosh et al.,
2006; Jin and Xie, 2007; Knight and Bass, 2001). In C. elegans there is a
singleDicer gene,dcr-1.While thehomozygousprogenyof heterozygous
dcr-1(ok247) mothers have normal-sized gonads, likely due to the
rescuing effect of maternal DCR-1 protein during earlier stages of
development, during the pachytene stage of oogenesis, germline
development becomes disorganized and dcr-1 null mutants produce
irregularly-shaped, non-functional endomitotic oocytes (Emo) (Knight
and Bass, 2001). In contrast, loss of Dicer in mice or ﬂies results in more
severe phenotypes; neither mouse nor ﬂy dcr-1 homozygous mutants
reach adulthood.
In ﬂies and mice, Dicer interacts with the conserved germline RNA
helicase proteins VASA and MVH (Mouse Vasa Homologue) (Megosh
et al., 2006; Kotaja et al., 2006). In Drosophila, there are two Dicer genes
and proteins. VASA co-immunoprecipitateswithDicer-1, anddepletion of
Dicer-1 in ﬂy embryos results in a dramatic decrease of VASA; however,
VASA is unchanged in Dicer-2 depleted embryos suggesting that the loss
of VASA is associated with the Dicer-1-speciﬁc miRNA pathway (Megosh
et al., 2006). In ﬂies, Dicer-1 has not been reported as localizing to germ
granules but rather is normally diffusely distributed throughout the
cytoplasm of oocytes; however, whenMaelstrom, a DNA binding protein
andaputativemiRNApathway component, ismissing, Dicer-1 localizes to
discrete perinuclear granules that are likely germ granules (Findley et al.,
2003). In mouse germ cells, Dicer co-immunoprecipitates with MVH, aproteinessential formale germlinedevelopment; this interaction requires
the MVH C-terminus. Both Dicer and MVH localize to mouse chromatoid
bodies, the equivalent of germ granules in mouse spermatids, along with
other components of the miRNA pathway, including Argonautes (Ago2
and Ago3) and miRNAs (Kotaja et al., 2006). Before this work, the
localization of DCR-1 in C. elegans had not been reported.
Because germ granules contain several components involved in the
miRNA pathway, including Argonaute proteins and miRNAs as well as
Dicer, others have hypothesized that germ granulesmay function like the
recently-described, somatic Processing (P) bodies (Kotaja et al., 2006;
Nagamori and Sassone-Corsi, 2008; Strome and Lehmann, 2007;Wickens
and Goldstrohm, 2003). P bodies are cytoplasmic, ribonucleoprotein
(RNP)granules involved inmRNAdegradation and storage thathavebeen
studied inawidevarietyof organismsandsomatic cell types, fromyeast to
mammalian cells (Ding et al., 2005; Jakymiw et al., 2005; Liu et al., 2005a,
2005b; Sen and Blau, 2005; Anderson and Kedersha, 2006; Balagopal and
Parker, 2009). P-body proteins are detected at high levels in the large
cytoplasmic RNPs in C. elegans oocytes that form when ovulation arrests
afterhermaphrodites exhaust their limitednumbersof spermorafterheat
shock and other environmental stresses (Jud et al., 2007; Noble et al.,
2008).
Here, we demonstrate that the C. elegans DCR-1 protein binds the
P-granule component GLH-1. With a newly-generated α-Dicer
antibody, we also report that DCR-1 localizes in close proximity to
GLH-1 and to the nuclear pores of germ cells. GLH-1 and DCR-1
deletion strains reveal that reduction of either protein has a signiﬁcant
effect on the other, with both likely targeted for degradation by the
Jun N-terminal kinase (JNK), KGB-1. We report an essentially
complete loss of GLH-1 protein and a nearly 3-fold decrease in glh-1
mRNA levels when DCR-1 is absent. Similarly, DCR is affected by loss
of glh-1 at the protein level, with an almost 3-fold decrease in DCR-1
372 E.L. Beshore et al. / Developmental Biology 350 (2011) 370–381protein in glh-1(gk100) worms; however, dcr-1 mRNA levels are
unchanged in the glh-1(gk100) strain. Both in glh-1 and dcr-1mutants,
P-granule organization is disrupted; we also report that in arrested
oocytes GLH-1 and DCR-1 dramatically re-localize to large, cytoplasmic,
P-body-like RNP granules, and these cortical granules are grossly
affected by loss of eitherGLH-1 orDCR-1. In summary, theGLH-1/DCR-1
complex is required for the complete assembly of P granules, the
constitutive, perinuclear, germline RNPs, as well as for assembly of the
larger, cortical RNP granules that develop during oocyte arrest.
Methods and materials
Strains
Worm strains used include: N2 (Bristol) as the wild type strain;
PD8753 [dcr-1(ok247) III/ghT2[bli-4(e937) let-?(q782) qIs48] (I;III)];
VC178 [glh-1(gk100) I]; KB3 [kgb-1(um3) IV] and CB4108 [fog-2(q71)
V]. Nematodes were maintained on NGM plates at 20 °C (Brenner,
1974), unless otherwise noted. The dcr-1(ok247), glh-1(gk100), kgb-1
(um3) and fog-2(q71) homozygous mutants are referred to as dcr-1,
glh-1, kgb-1 and fog-2 in this work. The C. elegans Knockout
Consortium generated both dcr-1(ok247) and glh-1(gk100) deletion
strains; the Bennett group generated the kgb-1(um3) deletion strain
and the Priess group generated the GFP::MEX-3 transgenic line (Jud
et al., 2008).
Western blot analysis
When comparing protein levels of GLH-1 and DCR-1 between wild
type and mutant worms, unless otherwise indicated, 50 adult worms
were picked per lane for western blot analysis. Lysates were loaded
onto SDS-PAGE gels, using 6% acrylamide for DCR-1 and GLH-4, with
8% for GLH-1 and the actin or tubulin loading controls; proteins were
transferred to nitrocellulose membranes. The GLH-1 rabbit antibody
(Gruidl et al., 1996) was diluted to 1:1000. A DCR-1 rabbit antibody
(Duchaine et al., 2006) was used at 1:750, while the DCR-1 rabbit
antibody generated for this report was used at 1:3000. For loading
controls, rabbit α-Actin (Abcam) or α-Tubulin (Sigma) antibodies
were diluted 1:5000. The rabbit α-PGL-1 antibody was diluted
1:10,000. Goat α-rabbit or α-mouse HRP-conjugated secondary
antibodies (Southern Biotech) were used at 1:10,000. Western blots
were developed using Supersignal West Pico chemiluminescence
(Pierce) and exposed to ﬁlm. A LAS-4000 Fuji imager and MultiGauge
software were used for quantiﬁcation.
Pull-down experiments
GST- and 6-HIS-tagged constructs cloned into the pFastBac vector
(Invitrogen), were expressed by baculovirus in HighFive insect cells
(Invitrogen) as described (Smith et al., 2002). Insect cell lysates and
whole worm lysates, prepared from synchronized liquid cultures of
adult worms, were collected and frozen in liquid nitrogen. Samples
were thawed and diluted 1:1 in homogenization buffer (15 mMHepes
pH 7.6, 10 mM KCl, 1.5 mM MgCl2, 0.1 mM EDTA, 0.5 mM EGTA,
44 mM sucrose) plus one Complete© protease inhibitor cocktail tablet
(Roche) per 10 mL homogenization buffer and lysed by three passages
through a French pressure-cell at 19,000 psi. Lysates were centrifuged
for 10 min at 10,000 g. 200 μL of insect lysate was added to 750 μL of
worm lysate and rotated on a wheel for 1 h at 4 °C. The mixture was
added to 50 μL of Glutathione-Uniﬂow Resin (BD Biosciences
Clontech) and spun an additional 1 h at 4 °C. Beads were washed 4×
in PBS containing 1% Triton®-X-100, proteins were eluted with 4×
protein loading dye and analyzed by western blotting. All pull-downs
and western blot analysis, with the exception of Fig. S3A, utilized the
α-DCR-1 antibody that was the generous gift from the Mello
laboratory, UMass.Immunocytochemistry
N2, dcr-1, glh-1, kgb-1 and fog-2 adult worms grown at 20 °C were
splayed to extrude their gonads and quick-frozen on dry ice. For GLH-1
and PGL-1, gonads were ﬁxed for 1 h in 3% formaldehyde/0.1 M K2HPO4
pH 7.2 at room temperature, followed by 5 min in methanol at −20 °C
(Jones et al., 1996). For DCR-1, GLH-1, the nucleoporin proteins (mAB414,
AbCam) and CGH-1, adult gonads were ﬁxed for 1 min in methanol at
−20 °C, followed by 10 min in 3% formaldehyde at room temperature
(Jud et al., 2008). For MEX-3, adult gonads were ﬁxed for 5 min in
methanol at−20 °C, followedby5 min inacetoneat−20 °C(Draper et al.,
1996). Chicken α-GLH-1 antibody was used at 1:200, rabbit α-PGL-1
antibody at 1:3000, rabbit α-MEX-3 at 1:300, rabbit α-CGH-1 at 1:200,
and mouse mAb414 at 1:100. For this report, α-DCR-1 antibodies were
generated in rabbits with an N-terminal DCR-1-speciﬁc peptide,
MVRVRADLQCFNPRDYQVEL conjugated to KLH (keyhole limpet hemo-
cyanin). Serawere afﬁnity puriﬁed using the SulfoLink Immobilization Kit
for Peptides (Thermo Scientiﬁc) and eluted with high salt (2.5 M KI);
afﬁnity-puriﬁed antibodies were diluted 1:10. All immunocytochemistry
with DCR-1 used the antibody generated for this report. Fluorescent
secondary antibodies (Alexa Fluor, Molecular Probes) were diluted 1:400
or 1:3000. Some imageswere recordedwith a Spot CCD camera on a Zeiss
Axioplan microscope; others were taken on a Zeiss LSM 510 META NLO
inverted confocal microscope at the MU Cytology Core or on an Olympus
Fluoview FV300 or a Nikon A1R laser scanning confocal microscope at
CMU. All confocal images shown are single sections that were analyzed
using Adobe Photoshop. For heat shock, wormswere kept at 34 °C for 3 h
prior to immunocytochemistry (Jud et al., 2008). To assess the effect of
oocyte arrest on DCR-1 and GLH-1, fog-2 homozygous females were
picked as L4s and grown for 1–2 days at 20 °C; the unmated femaleswere
thenﬁxedandstained. To isolateglh-1anddcr-1hermaphroditesdepleted
of sperm, L4-stagehermaphroditeswerepicked and cultured at 15 °C. The
adultsweremoved tonewplates every2 days, separating themfromtheir
progeny.When embryos were seen in the uterus (5–7 days post-L4), and
ovulated oocytes were present on the plates, the hermaphrodites were
considered “purged” of sperm.Quantitative real time PCR (qRT-PCR)
Wild type and glh-1 worms collected from twenty 60 mM plates
were concentrated and frozen in 40 μL M9 and 10 μL 50× protease
inhibitor (Roche). For isolating dcr-1 RNA, ~3500 homozygous (non-
green) dcr-1 worms were individually picked and frozen. RNA was
extracted from N2, glh-1 and dcr-1 strains using TRIZOL and RNeasy®
Mini Kit (Qiagen) according to manufacturer's speciﬁcations. RNA
concentrations were measured and equal amounts (1.0 μg) were
reverse-transcribed using SuperScript® III RT (Invitrogen). 1.0 μL of
these reactions was used for each quantitative real-time PCR using the
Maxima™ SYBR Green qPCR Master Mix (Fermentas) on a 7900HT
Fast Real-Time PCR System (Applied Biosystems). Primers used are
listed in Table S1. Cycling conditions were: 1× [10 min 95 °C] and 40×
[15 s 95 °C, 1 min 60 °C]. Relative expression levels were determined
according to (Pfafﬂ, 2001), using the eft-2 transcript as a standard,
with experiments performed in triplicate.JNK inhibitor experiments
Young N2 adults, one day beyond the L4 stage, were grown in
liquid culture at 20 °C with 50 μM JNK inhibitor (SP600125,
Calbiochem) or no inhibitor added. For example, inhibitor was
added at the ﬁfth hour for worms treated with inhibitor for 1 h and
at the beginning of the experiment for those exposed to inhibitor for
6 h. All worms were grown for a total of 6 h and were analyzed for
DCR-1 by western blot analysis.
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dcr-1(RNAi) was performed to attempt to partially knockdown
DCR-1 in the germline, producing worms with bulging vulvas, a trait
of dcr-1mutants (Knight and Bass, 2001), without causing the strong
Emo phenotype that makes analysis of oocytes difﬁcult. RNAi
knockdownof dcr-1mRNAwasperformedusingAhringer library bacteria
(K12H4.8, III-4C08) engineered to produce dcr-1 dsRNA (Kamath and
Ahringer, 2003) and seeded on plates containing 50 μg/mL carbenicillin
and 1 mMIPTG. L1-stage, fog-2wormswere fed these bacteria at 24 °C for
~24 h, then males were removed, leaving L4-stage females, which were
fed an additional 12–24 h at 24 °C. Similar to previous reports, variable
phenotypic outcomeswere observed following RNAi treatment of dcr-1, a
gene involved in the mechanism of RNAi itself (Colaiácovo et al., 2002).
Results
DCR-1 interacts with the P-granule component GLH-1
We began by asking if the Caenorhabditis DCR-1 interacts with GLH-1
by pulling down proteins from wild type adult C. elegans lysates that
interact with tagged GLH-1 and assaying for the presence of DCR-1 by
western blot analysis.We conducted these pull-downs using several GST-
and HIS-tagged GLH-1 constructs. The regions of GLH-1 illustrated in
Fig. 1A were used in analyzing the pull-down products by western blots
after determining that all tagged proteins were expressed (Fig. S1).
Indeed, incubation of the full-length GST-GLH-1 with C. elegans lysate
recognized DCR-1 suggesting these proteins interact (Fig. 1B, lane 1). To
identify the regions of GLH-1 required for DCR-1 interaction, truncated
GLH-1 constructs were tested, including N-GLH-1 that contains the ﬁrst
315 amino acids of GLH-1, leaving the four zinc ﬁngers intact, but lacking
all eight helicasemotifs. This protein did not recognize DCR-1 fromworm
lysates (Fig. 1B, lane 3), nor did a longer N*-terminal construct of 487
amino acids (Fig. 1B, lane 4). To determine if the C-terminus of GLH-1
interacts with DCR-1, we tested a 6-HIS-tagged GLH-1 construct that
includes the eight helicasemotifs, but lacks theﬁrst 315 aminoacidsof the
N-terminus; this C-terminal protein did pull downDCR-1 (Fig. 1B, lane 5).
To determine if the physical interaction between DCR-1 and GLH-1
is RNA dependent, we ﬁrst treated whole worm lysates with RNase A
and then pulled down GLH-1-containing complexes using GST-GLH-1.
The interaction of GLH-1 with DCR-1 remained intact despite RNase
treatment, indicating the interaction is not RNA-dependent (Fig. 1B,
lane 6). To verify the GST pull-down results, immunoprecipitations
out of wild type lysates were performed with an α-GLH-1 antibody
which pulled-down GLH-1-containing complexes and revealed that
DCR-1 also co-immunoprecipitates with GLH-1 (Fig. S2).
The PGL-1/GLH-1 interaction differs from the DCR-1/GLH-1 interaction
To determine if members of the two constitutive P-granule families,
GLH and PGL also interact, we also tested for the binding of GLH-1 and
PGL-1with similar GST andHIS pull-downs. PGL-1was pulled-downwith
full-length GLH-1 (Fig. 1C, lane 1) but not with the control GST (Fig. 1C,
lane 3).We also tested theN- and C-terminal GLH-1 constructs and found
that PGL-1 interacts with GLH-1 through the GLH-1 N-terminus but not
with the C-terminus (Fig. 1C, lanes 2 and 4).
We next asked if the interaction between GLH-1 and PGL-1 might
require an RNA intermediate by adding RNase A to the lysates prior to
immuno-precipitation. This resulted in the loss of the GLH-1/PGL-1
interaction (Fig. 1B, lane 5). These results indicate GLH-1 and PGL-1
interact in complex, with the interaction dependent on RNA. In
addition, our GST pull-downs and immunoprecipitations do not pull
down all P-granule components, as co-IPs with GLH-1 did not
recognize PAR-1, PAR-3, MEX-1, or GLD-1 (data not shown)
(Etemad-Moghadam et al., 1995; Guo and Kemphues, 1995; Guedes
and Priess, 1997; Jones et al., 1996). However while the lysates usedwere from synchronized adults that contained embryos, since PAR-1,
PAR-3, and MEX-1 are localized to P granules only during embryo-
genesis, their potential interactions with GLH-1 might not have been
sufﬁciently robust to be detected without using an exclusively
embryonic lysate. In summary, the DEAD-box motif region of GLH-1
interacts with DCR-1 while the GLH-1 region containing FGG repeats
and zinc ﬁngers interacts with PGL-1. In addition, the GLH-1/DCR-1
interaction does not depend upon an RNA intermediate, while the
GLH-1/PGL-1 interaction does.
At the pachytene stage of oogenesis, DCR-1 is located in the cytoplasm, in
nuclear puncta, and near the nuclear pores
Since GLH-1 and DCR-1 bind one another in a GLH-1/DCR-1 complex
(Fig. 1B), we asked if these proteins co-localize in vivo. To date, no
localization studies of DCR-1 have been reported in C. elegans, as existing
antibodies did not recognize DCR-1 by immunocytochemistry. We
generated and afﬁnity puriﬁed a rabbit polyclonal antibody against an
N-terminal peptide corresponding to the ﬁrst 20 amino acids of DCR-1.
Using wild type lysates, we found this antibody speciﬁcally recognizes a
210 kDa protein, the size of the C. elegansDCR-1, by western blot analysis
whilenobandwasdetected indcr-1(ok247)mutant animals (Fig. S3A). By
immunocytochemistry, DCR-1waspresent throughout both theC. elegans
germline and the somatic tissue (most easily seen in the extruded
intestine) inwild-typeworms, and again, no accumulation of proteinwas
detected in the dcr-1mutants (Fig. S3B).
To more closely examine the distribution of DCR-1 in the adult
germline, immunoﬂuorescent images of gonads extruded from wild
type hermaphrodites were analyzed. The wild type germline is
illustrated in Fig. 2A. Throughout the germline, DCR-1 was detected at
low levels in uniformly-distributed small granules, more diffusely
throughout the cytoplasm, and in some P granules (Figs. 2B, 3F). In the
meiotic pachytene region, DCR-1 was also concentrated in distinct foci
inside the nucleus that were sometimes adjacent to puncta stained by
mAb414, an antibody that recognizes several nucleoporin proteins;
however, the degree of co-localization was not high, with a Pearson's
coefﬁcient of 0.26 (Fig. 2C, (insets) and merged images). To further
examine DCR-1 in relation to GLH-1 and P granules, we labeled wild
type adults and examined the pachytene region and oocytes with
antibodies against DCR-1, GLH-1, and nuclear pore proteins (Figs. 2D–E;
S4A–B). Around pachytene nuclei, DCR-1 occasionally co-localizedwith
GLH-1 in P granules but did not have a high degree of co-localization
with GLH-1; here the Pearson's coefﬁcient was 0.36. While the
distribution of DCR-1 in germ cell nuclei included puncta on the inner
face of nuclear pores, GLH-1 was almost exclusively perinuclear and
highly enriched in P granules on the cytoplasmic side of nuclear pores
(Figs. 2B,D–E, insets; S4A–B). ThePearson's coefﬁcientof 0.82 suggests a
high degree of co-localization between GLH-1 and nuclear pores. Thus,
although DCR-1 and GLH-1 do not appear to have a high degree of co-
localization, the GLH-1/DCR-1 biochemical interaction may reﬂect a
transient interaction at or near nuclear pores. While GLH-1 is highly
enriched at nuclear pores, DCR-1 seems likely to trafﬁc through the
nuclear pores as it is detected both inside nuclei and in the cytoplasm. In
maturing wild type oocytes, DCR-1 was also detected throughout the
cytoplasm and nucleus, sometimes slightly enriched at plasma
membranes (Figs. 2E; S4B; data not shown).
Dicer and GLH-1 interact in vivo and are interdependent
Since GLH-1 and DCR-1 interact in complex and sometimes
localize in close proximity at the nuclear membranes of pachytene
germ cells, we investigated the fate of GLH-1 or DCR-1when the other
protein was missing or reduced. We used deletion mutants for each.
The dcr-1(ok247) mutant is a protein null, whose sterile Emo
phenotype was brieﬂy described in the Introduction and by Knight
and Bass (2001). There is no glh-1 null, but themost severe allele, with
Fig. 2. DCR-1 localizes in close proximity to nuclear pore complexes. A. A schematic of the C. elegans gonad from an adult hermaphrodite containing the adult germline, adapted fromMinasaki
et al. (2009). In thedistal gonad, the somaticdistal tip cell directsmitotic germcell proliferation;germcells then transition intomeiosis andenterpachytene. Thedistal region is a syncytium,while
in the proximal gonad oocytes cellularize andmature before passing through the spermathecawhere they are fertilized. B. DCR-1 (green) is localized throughout the adult gonad in awild type
hermaphrodite, both throughout the cytoplasmand in the P granules surrounding the germ cell nuclei. This image of a splayed gonad includes somedistal andproximal regions surrounding the
gonadbend. The samegonad is seen in themiddlepanel, showing the localizationofGLH-1 (red). DCR-1 andGLH-1appear to co-localize in themerged image (yellow). These imageswere taken
with a Zeiss Axioplanmicroscope. Sizemarker=25 μm.C. Confocalmicrographs of thepachytene regionof awild typehermaphrodite usingmAb414 antibody (green),which recognizes the FG
repeatsof severalnucleoporins (Davis andBlobel, 1986)andα-DCR-1antibody(red).D. Immunocytochemistry in thepachyteneregionof awild typehermaphrodite showingα-GLH-1(red),α-
DCR-1 (green) and mAb414 (blue) antibodies. E. Immunocytochemistry in a wild type oocyte showing α-GLH-1 (red), α-DCR-1 (green), and mAb414 (blue) antibodies. Arrows denote the
region enlarged in each inset. Size markers=5 μm. To evaluate the extent of co-localization between pairs of proteins in co-staining experiments, Pearson's Correlation was determined using
NikonNIS Elements software. Pearson's Correlation is a commonly acceptedmeans for describing the extent of overlap between image pairs and takes into account only the similarity of shapes
between images but not the image intensity (Adler and Parmryd, 2010).
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(Spike et al., 2008). These worms have a 581 bp internal deletion in
the glh-1 gene, removing three of four GLH-1 zinc ﬁngers andproducing a truncated GLH-1 at less than 10% of wild type levels. More
than 85% of glh-1(gk100) worms are fertile at the permissive
temperature of 20 °C, likely due to compensation at 20 °C by GLH-4
Fig. 3. GLH-1 andDCR-1 are interdependent. A.Westernblot analysis ofwild type versus dcr-
1(ok247) protein lysates with α-GLH-1 antibody; tubulin is the loading control. B. Western
blot analysis ofwild type versus glh-1(gk100) protein lysateswithα-DCR-1 antibody; actin is
the loading control. The western blot in 3A used 50 worms per lane, while those in 3B used
500 worms per lane to compensate for the low levels (~10%) of truncated GLH-1 protein in
the glh-1(gk100) strain. The use of different loading controls between the western blots in A
and B was unintended, reﬂecting the availability of these control antibodies at the time. C.
GLH-1 localizes toPgranules inwild type (left);GLH-1 isnotdetected inadcr-1(ok247)gonad
(right) using α-GLH-1 (red), and DAPI-stained nuclei (blue). D. A wild type and a dcr-1
(ok247) gonad reacted with α-PGL-1 antibody (green), and DAPI-stained nuclei (blue).
Arrows indicate the distal gonad. The arrowhead points to two endomitotic oocytes (Emo). E.
A glh-1(gk100) gonad and intestine reacted with α-DCR-1 (green) and stained with DAPI
(blue). The arrowheadpoints to a small section of theC. elegans intestine. The arrow indicates
the gonad distal tip. F. A wild type gonad withα-DCR-1 (green) and DAPI (blue). All worms
were grown at 20 °C. Size markers=20 μm, except 3F, which=10 μm.
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sizes. The glh-1(gk100) strain is completely sterile at 26 °C (Spike
et al., 2008).
To test for a possible interdependence between GLH-1 and DCR-1,
western blot analyses were done for GLH-1 using wild type and dcr-1
lysates. In the dcr-1 mutant, GLH-1 was absent or dramatically
reduced (Fig. 3A, lane 2; data not shown). Conversely, when DCR-1
levels were assayed in the glh-1mutant grown at 20 °C, a greater than
2.5-fold reduction of DCR-1 was seen, compared to wild type worms
(Fig. 3B, lanes 1 vs. 2). Thus, GLH-1 and DCR-1 appear mutually
dependent.
Assaying for GLH-1 by immunocytochemistry in dcr-1 worms
conﬁrmed the decreased levels of GLH-1 seen by western blot analysis.
In themajority of homozygous dcr-1mutants, GLH-1was not localized to
P granules or even detectable (Fig. 3C), although in about 10% of dcr-1
animals, low levels of GLH-1 stainingwere detected in the germline (data
not shown). We next analyzed the P-granule protein PGL-1 in dcr-1
worms to determine if other constitutive P-granule components were
affected in addition to GLH-1. PGL-1 localization appeared disrupted in
dcr-1mutants; in distal regions it became diffusely cytoplasmic (Fig. 3D,
right inset). However, PGL-1 levels were unchanged in western blot
analysis of protein lysates from dcr-1worms (data not shown). This result
is consistent with previous reports indicating that PGL-1 depends upon
GLH-1 toproperly localize to P granules (Kawasaki et al., 1998; Spike et al.,
2008). To determine if other GLH proteins were reduced in dcr-1worms,
we tested GLH-4 by western blot analysis. Unlike GLH-1, but similar to
PGL-1, GLH-4 protein levels were only slightly reduced when DCR-1 was
depleted when compared to wild type (Fig. S6; data not shown). These
results with PGL-1 and GLH-4 reveal that loss of DCR-1 does not
dramatically affect the levels of all P-granule components but does
signiﬁcantly alter the levels of GLH-1 and the localization of PGL-1,
constitutive P-granule components, and thus likely affects the overall
P-granule structure.
Confocal analysis of the glh-1 mutants after immunocytochemistry
with an α-DCR-1 antibody revealed a marked reduction but not a total
loss of DCR-1 (Fig. 3E), similar to results by western blot analysis
(Fig. 3B). While DCR-1 was often completely missing from the glh-1
germline (Fig. 3E, arrow, germline compared to wild type in Fig. 3F), it
was still present in the somatic tissue (Fig. 3E, intestine, arrowhead).
That the ubiquitous DCR-1 protein is not as reduced in the glh-1mutant
as is the germline-speciﬁc GLH-1 protein in the dcr-1 strain (Fig. 3A) is
likely due to DCR-1 remaining in the somatic tissue and perhaps to low
germline levels of DCR-1 not associated with GLH-1. In summary, we
ﬁnd that in the dcr-1 null, GLH-1 levels are missing or very reduced,
while levels of the P-granule proteins PGL-1 and GLH-4 are modestly
affected. Similarly, the germline of the glh-1 deletion mutant shows a
dramatic DCR-1 reduction.glh-1 mRNA levels are reduced in dcr-1 mutants
To determine whether the reduction of GLH-1 in the dcr-1 mutant
reﬂects regulation of GLH-1 at themRNA level, protein level, or both,we
began by performing quantitative real-time PCR (qRT-PCR) on glh-1
mRNA from wild type and dcr-1 worms. glh-1 mRNA levels were
reducedalmost 3-fold in thedcr-1mutant compared towild type (Fig. 4;
Table S2). In addition,mRNA levels for glh-2, glh-3, and glh-4were tested
in dcr-1 worms using primers speciﬁc for each gene (Table S1). glh-2
levels were reduced almost 4-fold while glh-3 and glh-4 levels were not
signiﬁcantly different than wild type (Fig. 4; Table S2).
Since a reduction in DCR-1 was observed in glh-1(gk100) worms
(Figs. 3B, E), we conducted qRT-PCR to compare dcr-1 mRNA levels in
glh-1(gk100) and wild type worms and found dcr-1 mRNA was not
reduced in the glh-1mutant (Table S2). These data indicate thatGLH-1 is
regulated by DCR-1 at least in part at the mRNA level, and that DCR-1
protein but not its mRNA levels are affected by the reduction of GLH-1.
Fig. 4. glh-1 transcript levels are reduced about 3-fold in dcr-1(ok247) when compared
to wild type worms. Transcript levels of glh-1, glh-2, and kgb-1 were assayed in
triplicate by qRT-PCR in dcr-1(247) as compared to wild typeworms (**p valueb0.001).
The statistical signiﬁcance of differences in relative mRNA levels was determined using
the Relative Expression Software Tool (REST) 2009 (www.gene-quantiﬁcation.de/rest.
html). The primers used are shown in Table S1 and the numerical results are given in
Table S2.
Fig. 5. DCR-1 is elevated when JNK pathways are inhibited and DCR-1 levels accumulate
in kgb-1 worms. A. Wild type worms were treated with 50 μM of the JNK inhibitor,
SP600125, which was added to liquid culture media. Fifty worms treated with inhibitor
for 0, 1, 2, 4 or 6 h were collected after all had grown for 6 h and then analyzed by
western blot for DCR-1. GLH-4 was a loading control since GLH-4 levels do not change
in kgb-1(um3)worms (Orsborn et al., 2007). This image was recombined, removing the
2 and 4 hour time points, which also showed increasing DCR-1 protein levels; however,
the GLH-4 control did not transfer well in that region of the membrane. B. Levels of
DCR-1 were compared by western blot analysis in age-matched wild type and kgb-1
(um3) adults grown at 26 °C. Actin was the loading control. C. The pachytene region of a
kgb-1(um3) mutant, grown at 20 °C, reacted with antibodies against DCR-1 (green),
and GLH-1 (red), merged. Similar strongly-reactive, large P granules were previously
reported for GLH-1 in kgb-1(um3) worms (Smith et al., 2002). D. The pachytene region
of a wild type gonad, with α-DCR-1 (green) and α-GLH-1 (red). E–F. DAPI-stained
(blue) gonads in panels C–D, respectively. G. A section of intestine from a kgb-1(um3)
worm with α-DCR-1 (green). H. A section of intestine from a wild type worm, with α-
DCR-1 (green). I. Merged image of a P3-stage (8-cell) kgb-1(um3) embryo with
antibodies again DCR-1 (green), GLH-1 (red), and DAPI-stained nuclei (blue). J. Merged
image of a P4-stage (16-cell) wild type embryo reacted with antibodies against DCR-1
(green), GLH-1 (red), and DAPI-stained nuclei (blue). The P3 and P4 germ cell
progenitors are marked (arrowheads). Each set of images comparing kgb-1(um3) and
wild type worms (C/D; G/H or I/J) were taken with the same settings and exposures.
Worms were grown at 20 °C unless otherwise noted. Size markers=10 μm.
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Our previous studies reported the Jun N-terminal kinase (JNK),
KGB-1, targets GLH-1 for degradation via the proteasome; as wild type
worms age, GLH-1 levels normally decrease, but in the null kgb-1
(um3) deletion strain, GLH-1 levels increase as much as seven-fold
(Orsborn et al., 2007). In light of the relationship between DCR-1 and
GLH-1 reported here, we asked if DCR-1 might also be targeted for
degradation by KGB-1. We ﬁrst tested this possibility by growing
young, wild type worms in liquid culture for a total of 6 h and treating
themwith or without a JNK inhibitor for varying amounts of time. The
inhibitor treatment caused DCR-1 levels to increase 3–4-fold
compared to mock treated worms (0 hours with inhibitor) and to
worms treated with inhibitor for only the last hour of the six hour
experiment (Fig. 5A, lanes 1–2 vs. lane 3). These results suggest that
DCR-1 protein levels are normally regulated by a JNK. C. elegans has
only three predicted JNKs, KGB-1, KGB-2 and JNK-1, each of which is
expressed both in the soma and germline. Loss of kgb-1 results in
complete sterility at non-permissive temperatures while loss of kgb-2
has no detectable phenotype (Smith et al., 2002; Orsborn et al., 2007).
The third family member, JNK-1, is important in the nervous system
but has no observable germline effects (Villanueva et al., 2001). We
then assayed for DCR-1 by western blot analysis in kgb-1 protein
lysates and found DCR-1 levels were increased more than 4-fold by
comparison to wild type worms grown under the same conditions
(Fig. 5B, compare lanes 1 and 2).
To determine how the loss of KGB-1 affects DCR-1, kgb-1 worms
were also compared to wild type by immunocytochemistry. The kgb-1
wormswere grownat the permissive temperatureof 20 °C to ensure the
presence of normal germlines rather than the highly Emo germlines
seen in kgb-1worms at the non-permissive temperature of 26 °C (Smith
et al., 2002). In Fig. 5C, the signal fromDCR-1 in the kgb-1 gonadswas so
intense that only very low laser levels and voltages could be used for the
pachytene region. Using the same settings for wild type worms, only
faint signals were detected (Fig. 5D). We determined that loss of KGB-1
also affects levels of DCR-1 in the somatic tissue, as seen by comparing
the kgb-1 intestine to that of wild type (Figs. 5G vs. H), with both images
again taken using the same confocal settings. In the early embryos of
wild typeworms DCR-1 reactivity is weak but uniformly granular in the
cytoplasm of both the somatic blastomeres and the germline progenitor
cell, which is marked by GLH-1 (Figs. 5I–J; S5). In addition, DCR-1
localized to a few, but not all, of the P granules in early embryos. By
comparison, in both the germline and somatic precursor cells of kgb-1
embryos, DCR-1was atmuch higher levels than inwild type (Figs. 5I–J),
althoughwe cannot rule out that the increasedDCR-1 andGLH-1 seenat
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maternal protein. Taken together, these combined data suggest that
DCR-1, similar to GLH-1, is targeted for degradation by KGB-1 since in
the absence of KGB-1, both GLH-1 and DCR-1 levels increase.
Since DCR-1 dramatically increases with the loss of KGB-1, both in
the germline and in the soma (Figs. 5; S5), we also tested kgb-1mRNA
levels after loss of dcr-1 by qRT-PCR. Interestingly, when compared to
wild type worms, kgb-1mRNA levels were increasedmore than 3-fold
in the dcr-1 mutants (Fig. 4), perhaps suggesting a negative feedback
loop in the normal relationship of DCR-1 with KGB-1.
GLH-1 and DCR-1 regulate cytoplasmic RNP granule assembly
Large, cytoplasmic RNP granules form in the Caenorhabditis germline
under a variety of conditions, including heat shock, osmotic stress, and
anoxia, and in arrested oocytes occurringwhenC. eleganshermaphrodites
become depleted of sperm (Schisa et al., 2001; Jud et al., 2007; Jud et al.,
2008). These large RNP granules share characteristics with P bodies and
are proposed to protect maternally-transcribedmRNAs from degradation
or precocious translation until oocyte development and fertilization can
continue. Components of the germline RNP granules include MEX-3, a
predictedRNAbindingprotein, PGL-1,GLH-1andCGH-1, anotherDExD/H
box helicase (Jud et al., 2008; Noble et al., 2008; Table S3).
Todetermine if DCR-1 localizes to these largeRNPgranules, transgenic
GFP::MEX-3 worms were heat shocked and reacted with α-DCR-1
antibody.We foundDCR-1 co-localizedwithGFP::MEX-3 inmanydistinct
granules in the oocytes of heat-stressed worms (Fig. S7; Table S3). DCR-1
is therefore similar to MEX-3 and CGH-1 in that it aggregates into large
granules after heat shock. In contrast, PGL-1 and GLH-1 localize to RNP
granules in arrested oocytes, but both these P-granule proteins remain
uniformly cytoplasmic after heat shock (Jud et al., 2008; data not shown;
Table S3).
The fog-2(q71) mutant worm produces oocytes but lacks sperm,
such that ovulation is essentially quiescent and oocytes are in an
“arrested” state evenwhen the fog-2 animals are young adults (Schedl
and Kimble, 1988). The fog-2 strain has been used extensively in
studying oocyte RNP granules because of its increased numbers of
arrested oocytes in young, healthy adults. The distribution of GLH-1 in
fog-2 arrested oocytes differs from the small, dispersed P granules
seen in actively-ovulating oocytes; instead, GLH-1 is enriched inmuch
larger RNP granules that are cortically localized (Schisa et al., 2001;
Fig. 6A). DCR-1 was also detected at high levels in the large RNP
granules of arrested oocytes, and interestingly, GLH-1 granules
appeared “docked” on the larger DCR-1 granules, occupying a
subdomain of the RNP granules (Fig. 6A, merge). GLH-1 appeared
similarly “docked” on large CGH-1 granules in fog-2 arrested oocytes
(Fig. S8A). The association of DCR-1 with GLH-1 on RNP granules in
arrested oocytes is not likely due to DCR-1 “tagging along”with GLH-1
during the dissociation of P granules from the nuclear membrane that
occurs during oogenesis, because the majority of DCR-1 proteins are
not associated with P granules but are cytoplasmic or in nuclear
puncta (Figs. 2D–E). In addition, the cytoplasmic levels of DCR-1
appear dramatically decreased in arrested oocytes (compare Fig. 6A to
Fig. 2E); thus, we believe thatmost DCR-1 proteins are recruited to the
RNP granules from the diffuse cytoplasmic pool of DCR-1.
In addition to the assembly of large RNP granules in arrested oocytes,
large RNP granules also form in the syncytial gonad core of fog-2 females.
Some of the components detected in oocyte RNP granules are present in
these core granules including CGH-1; however, the nuclear pore proteins,
and PGL-1 are excluded (Fig. S7B; Jud et al., 2008; Noble et al., 2008). We
testedDCR-1and found itwasalsodetectedathigh levels in largegranules
in the gonad core of fog-2 worms; however, like PGL-1, GLH-1 was not
detected in these large core granules (Fig. 6B). In summary, DCR-1 and
GLH-1are localized together in largeRNPgranulesunder some, butnot all,
conditions. DCR-1 may function with CGH-1 and other proteins in the
gonad core and in oocytes after heat shock,while aDCR-1/GLH-1 complexmay function with associated proteins in the RNP granules of arrested
oocytes.
SinceGLH-1 andDCR-1 appear to regulate the structure of P granules
in the germline (Fig. 3; Kuznicki et al., 2000; Schisa et al., 2001),we next
asked if either or both proteins are necessary for the assembly of the
large RNP granules in oocytes. The distribution of two RNP granule
components,MEX-3 andPGL-1,wasﬁrst assessed in the glh-1 strain.We
found that MEX-3 did not localize to RNP granules in glh-1 arrested
oocytes (Fig. 7B; Table S3); however, MEX-3 granules formed in glh-1
oocytes after heat shock (Fig. 7C) thatwere indistinguishable fromthose
seen in wild type after heat shock (Jud et al., 2008; data not shown).
PGL-1 failed to localize to large granules in glh-1oocyteswhenovulation
was arrested while after heat shock, the effect was intermediate
(Figs. 7G–H). In some oocytes, abundant PGL-1 granules were detected
while in adjacent oocytes, PGL-1 appeared cytoplasmic (Fig. 7H). Thus,
GLH-1 appears to regulate the recruitment of MEX-3 and PGL-1 to the
large RNP granules in oocytes. It was more difﬁcult to ascertain the role
of DCR-1 since the most proximal oocytes are Emo and the germline
organization is generally disrupted in the dcr-1(ok247) strain (Knight
and Bass, 2001; Colaiácovo et al., 2002).We ﬁrst examinedMEX-3 after
heat shock of dcr-1 adults. In a minority of adults, in which non-Emo
oocytes could be scored, a low number of small MEX-3 granules were
detected; however high levels of MEX-3 remained in the cytoplasm,
failing to assemble into granules (Fig. 7D).We next examined oocytes in
dcr-1(RNAi); fog-2 P0 females. MEX-3 failed to localize to large granules
in several individuals, remainingmostly cytoplasmic (Fig. 7E); however,
this phenotype was not consistent over several trials, likely due to the
inherent role of DCR-1 in the RNAi process itself (Colaiácovo et al.,
2002). Overall, these data strongly suggest GLH-1, and to a lesser extent
DCR-1, play upstream roles in the assembly of RNP granules in oocytes
with decreased levels of either DCR-1 or GLH-1 preventing their
complete assembly.
Discussion
We have uncovered a complex relationship between GLH-1, a C.
elegans P-granule component, and DCR-1, the ribonuclease required for
processing exogenous and endogenous siRNAs as well as miRNAs. This
work has shown that loss of DCR-1 results in decreased levels of GLH-1
protein and glh-1 mRNA. Similarly, the glh-1(gk100) mutant has
decreased levels of DCR-1 protein; however, levels of dcr-1 mRNA do
not appear affected. Our results indicate that DCR-1 and GLH-1 are
targeted for degradation likely through the activity of the JNK KGB-1.
Additionally, both proteins localize to large germline RNP granules in
arrested oocytes where they regulate the assembly of RNP granule
components. The GLH-1/DCR-1 interaction, which could occur near the
nuclear pores, in cytoplasmic P granules, and possibly in the large
germline RNPs, may function to transport, deposit, or regulate miRNAs
and their target germline mRNAs. While many aspects of the GLH-1 and
DCR-1 relationshiphavebeen exploredhere,manyquestions remain, as is
the case in most early reports of relationships between two proteins
critical for development.
Why are GLH-1 levels lower in dcr-1 mutants?
We currently do not know how DCR-1 affects glh-1 mRNA levels.
Publishedmicroarray studies comparedmRNA levels from dcr-1(ok247)
mutants to those in wild type worms (Welker et al., 2007). Among the
1537 genes differentially regulated in dcr-1 mutants, 488 genes are
down-regulated, 38% of which are germline-speciﬁc; this group
includes glh-1. Interestingly, only 1% of the up-regulated genes are
germline-speciﬁc. However, the almost three-fold decrease in glh-1
mRNA that we observed (Fig. 4) does not seem likely to completely
account for the dramatic reduction of GLH-1 protein in dcr-1 mutants
(Figs. 3A, C). GLH-1protein could alsobe subject to targeteddegradation
by KGB-1 as a result of the loss of DCR-1; degradation of GLH-1 protein
Fig. 6. DCR-1 and GLH-1 localize to RNP granules. A. Confocal single plane images of the ﬁve most-proximal fog-2(q71) arrested oocytes, reacted with antibodies against GLH-1 (green),
DCR-1 (red), and merged. B. The gonad core of a fog-2(q71) unmated female, with antibodies against nuclear pores (left, blue), DCR-1 (middle, green), and GLH-1 (right, red). Combined
localizations are seen with merged images (bottom). Size markers=5 μm.
378 E.L. Beshore et al. / Developmental Biology 350 (2011) 370–381would likely add to or be synergistic with the loss of glh-1 mRNA.
Interestingly, in the dcr-1 mutant, kgb-1 mRNA levels are elevated
almost four-fold. This ﬁnding, along with other GLH-1/DCR-1/KGB-1
interactions reported here, suggests that both negative and positive
feedback loops operate among these three proteins.Fig. 7. Reduction of GLH-1 or DCR-1 disrupts assembly of the cytoplasmic RNP granules. ME
fog-2(q71) females were the control for normal RNP granule assembly (A, F). MEX-3 and PG
however, GLH-1 was not essential for MEX-3 to localize to RNP granules after heat shock
localization of MEX-3 to RNP granules after heat shock and when sperm are depleted (D–EHow might KGB-1 regulate DCR-1 levels?
Our inhibitor studies indicate that DCR-1 is likely targeted by a JNK
for proteasomal degradation (Fig. 5A; data not shown). In addition,
DCR-1 contains a consensus MAP kinase D (docking) site, RLGKKLGIX-3 (A–E) and PGL-1 (F–H) were visualized with their respective antibodies. Unmated
L-1 failed to localize to large granules in glh-1(gk100) worms depleted of sperm (B, G);
(C). An intermediate effect was seen for PGL-1 (H). DCR-1 appeared to regulate the
). Size markers=5 μm.
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phosphodegron motif although it is non-consensus in the second
position, IDTPT (Orlicky et al., 2003; Ye et al., 2004). The ﬁnding in
kgb-1(um3)worms that DCR-1 is elevated in adult somatic tissues and
embryonic somatic progenitors (Fig. 5) argues that GLH-1 and DCR-1
are both KGB-1 target substrates since it seems unlikely that
phosphorylation of the germline-speciﬁc GLH-1 would indirectly
cause DCR-1 degradation in the soma.What is the role of DCR-1 in C. elegans germ cell nuclei?
Our α-DCR-1 antibody allows visualization of DCR-1 in whole-
mount C. elegans. Triple-labeling experiments demonstrate that GLH-1
is concentrated at the nuclear pores of germ cells where DCR-1 granules
were also detected, albeit less frequently (insets, Figs. 2C–E; inserts;
S4A–B). Thedetection of DCR-1 in both thenucleus and in the cytoplasm
is similar to recent reports in theﬁssionyeast S. pombewhere theauthors
suggested that Dcr1 acts as a shuttling protein between the nucleus and
the cytoplasm (Emmerth et al., 2010). An interesting new role for
C. elegans DCR-1 was recently reported; in C. elegans embryos DCR-1 is
cleaved by a caspase, generating a novel, initiator DNase from the
C-terminus of DCR-1 that targets chromosomal DNA and promotes
apoptosis (Nakagawa et al., 2010). This surprising new function likelyFig. 8. Model of the GLH-1/DCR-1 relationship in P granules and RNP granules. In wild
type worms, GLH-1 and DCR-1 localize to P granules to regulate the fate of maternal
mRNAs and their associated miRNAs. Both proteins are subject to degradation by the
proteasome, which is indicated by a PacMan© image. Under conditions of arrested
ovulation, GLH-1 and DCR-1 re-localize to large RNP granules to store maternal mRNAs
and recruit MEX-3, PGL-1, and perhaps CGH-1. Nuclear pores are indicated with blue
ovals; miRNAs (short red lines) are located on the 3′UTRs of their target mRNAs (long
black lines).occurs in thenucleus, consistentwith ourﬁndingof anuclear location for
DCR-1. Unfortunately, our antibody was generated from an N-terminal
DCR-1 peptide and therefore would not detect the novel C-terminal
DNase.
GLH-1 is likely in the miRNA and not the RNAi pathway
Evidence points to a relationship of GLH-1 with the microRNA
pathway, as is likely the casewithVASAandDicer-1 inﬂies (Megosh et al.,
2006).We have previously reported that loss of GLH-1 does not affect the
exogenous siRNApathway;whenglh-1(gk100)wormswere injectedwith
several different dsRNAs, the genes targeted for RNAi were efﬁciently
knocked down (Spike et al., 2008). Therefore, it seems more likely this
new-found relationship of GLH-1with DCR-1 speciﬁcally relates toDCR-1
and themiRNApathway, althoughwe cannot discount the possibility that
the DCR-1/GLH-1 complex could be involved with a rather unique
mechanism, for example,with the subset of 22Gsmall germlineRNAs that
are DCR-1-dependent (Claycomb, et al., 2009).
GLH-1 and DCR-1 are important components of germline RNP granules
In analyzing the RNP granules of arrested and stressed oocytes, we
observed a failure of MEX-3 and PGL-1 to assemble into large RNPs in
glh-1 or dcr-1 mutants (Fig. 7). Similarly, the P-granule structure is
disrupted when glh-1 or dcr-1 is down-regulated (Fig. 3). Therefore,
GLH-1 and DCR-1may function as critical structural components of RNP
granules, in recruitingmaternalmRNAs and their companionmiRNAs to
these storage granules. The composition and regulation of RNP
components is clearly complex and variable depending on the trigger
inducing their assembly (Table S3). Similarly, the components of P
bodies and mammalian stress granules also differ depending on the
stimulus inducing their assembly (Jud et al., 2008; Kedersha et al., 1999;
Tourrière et al., 2003); however, the importance of these differences is
not yet well understood.
P granules have close relationships with nuclear pore complexes
Three recent analyses in C. elegans also relate to our data revealing
DCR-1 and GLH-1 in close proximity to nuclear pore complexes. The
Strome laboratory focused on proteins affecting P-granule integrity
and uncovered interesting links between P granules, RNAi pathway
components and nuclear pores. Their RNAi screen in a PGL-1::GFP
transgenic strain assayed P-granule morphology and identiﬁed 173
genes whose knockdown affected P granules (Updike and Strome,
2009). For example, knockdown of CSR-1, an Argonaute associated
with endogenous, germline small RNAs, resulted in the accumulation
of PGL-1, GLH-1, and RNA into additional, large perinuclear P granules
(Updike and Strome, 2009). A study from the Seydoux laboratory
using a similar experimental approach determined that reducing the
NUP-98 nuclear pore protein with nup98(RNAi) resulted in disruption
of P-granule stability and in mis-expression of the P-granule-
associatedmRNA nos-2 (Voronina and Seydoux, 2010), thus strength-
ening the hypothesis that P granules regulate the translation of
maternally-transcribed mRNAs. Work from the Priess group also
examined the relationship of P granules to nuclear pore complexes. In
wild type worms, they found that P granules accumulate newly
transcribed and exported mRNAs and that glh-1(RNAi) results in
smaller P granules with reduced mRNA accumulation (Sheth et al.,
2010). While PGL-1, nuclear pores, and GLH-1 were integral to these
studies, our ﬁnding that DCR-1 is a binding partner of GLH-1 adds
exciting new possibilities to how P granules may function.
Based on this work and the ﬁndings of others, we favor a role for the
GLH-1/DCR-1 interaction such that DCR-1 may shuttle processed, germ-
linemiRNAs out of the nucleus through the nuclear pores and hand them
off toGLH-1. ThemiRNAsmightﬁnd theirmRNA targets in the P granules,
move to the central gonad core, and then be transported into developing
380 E.L. Beshore et al. / Developmental Biology 350 (2011) 370–381oocytes (Wolke et al., 2007). Immunoprecipitations with whole worm
lysates demonstrated thatDCR-1pulls-downALG-1 andALG-2 (Duchaine
et al., 2006), aswell asGLH-1 (D. Conte, UMass, personal comm.). Perhaps
a germline-speciﬁc ALG, one of the 27 C. elegans ALG/Argonautes, is
integral to theGLH-1/DCR-1complex, formingagermlineRISC. Themodel
in Fig. 8 depicts aspects of the GLH-1/DCR-1 interaction uncovered with
these studies. Our results indicate GLH-1 and DCR-1 physically interact,
likely in or near P granules and the nuclear pores.Wehypothesize that the
DCR-1/GLH-1 interaction facilitates the transport ofmiRNAs andmaternal
mRNAs through nuclear pores and into P granules. When oocytes arrest,
the DCR-1/GLH-1 complex may also carry out a recruiting or storage
function sinceDCR-1andGLH-1are required for the complete assemblyof
the RNP cytoplasmic granules.
Are many aspects of the DCR-1/GLH-1 interaction conserved?
A physical interaction between Dicer and GLH-1, VASA, or MVH is
now known to occur in worms, ﬂies and mice; thus, many of the
additional ﬁndings presented here including: the nuclear location of
DCR-1 adjacent to nuclear pores, the roles of GLH-1 and DCR-1 in the
formation of cytoplasmic RNPs, the targeting of each protein for
degradation by a JNK, and the interdependence of GLH-1 and DCR-1
on each other, may be conserved “from hydra toman” (Eddy, 1975) as
are the germ granules themselves.
Supplementarymaterials related to this article can be found online
at doi:10.1016/j.ydbio.2010.12.005.
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